Plasmodium falciparum is an intracellular protozoan parasite that infects erythrocytes and hepatocytes. The blood stage of its life cycle causes substantial morbidity and mortality associated with millions of infections each year, motivating an intensive search for potential components of a multi-subunit vaccine. In this study, we present data showing that antibodies from natural infections can recognize a recombinant form of the relatively conserved merozoite surface antigen, PfRH5. Furthermore, we performed invasion inhibition assays on clinical isolates and laboratory strains of P. falciparum in the presence of affinity purified antibodies to RH5 and show that these antibodies can inhibit invasion in vitro.
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Malaria accounts for 1-3 million deaths a year, mainly in children aged <5 years and pregnant women, with the preponderance of the disease burden in subSaharan Africa [1] [2] [3] . The high parasitemia generated during the blood stage accounts for the clinical manifestations of the disease, including cerebral malaria and severe anemia [4] . Substantial recent progress in understanding the basic biology of malaria focuses attention on the molecular mechanisms of interaction of Plasmodium falciparum with the human erythrocyte and hepatocyte [5] .
Parasite invasion of erythrocytes depends on binding of parasite surface ligands to specific erythrocyte receptors. Molecular and structural details are known only for PfAMA1(apical membrane antigen 1) [6, 7] and PfEBA-175 (erythrocyte binding antigen) [8] . The latter, proposed to interact with sialic acid residues on glycophorin A, is thought to participate in the irreversible tight junction step of invasion. Members of the RBL (reticulocyte binding ligand) family of proteins have also been implicated in the formation of the tight junction between parasite and erythrocyte, and homologs in other Plasmodium species appear to be expressed in the sporozoite [9] , the form that invades hepatocytes. The RBL proteins of P. falciparum, known as the RH (reticulocyte binding protein homolog) family of proteins (Figure 1 ), have no evident homology to other known invasion ligands. Both PfRH2b and PfRH5 have been implicated in the sialic acid-independent pathway of erythrocyte invasion [10, 11] . Alignment of the amino acid sequences of the PfRH proteins indicates a small but significant degree of sequence conservation (approximately 20%) among members [5] and thus the likelihood of a common fold. PfRH1, 2a, 2b, and 4 are large proteins (approximately 300 kDa); PfRH5 is much smaller (approximately 58 kDa) and may represent a module that is repeated in the other RH family members (Figure 1, Supplementary Figure 1B ).
PfRH2a and PfRH2b, which may have arisen by gene duplication [12] , are identical for the first 84% of the gene, and differ in the last 500 amino acids. Efforts to knock out PfRH5 have not succeeded, and it appears to be critical for parasite survival in vitro [13, 14] . In contrast, PfRh2b can be deleted in vitro, but it cannot be knocked out in strains that lack PfRH2a [15] .
The receptor for PfRH5 has been identified as basigin, also known as extracellular matrix metalloproteinase inducer (EMMPRIN) or cluster of differentiation 147 (CD147) [16] . A soluble form of this receptor can inhibit invasion of all labadapted strains and clinical isolates of P. falciparum tested to date [16] . This result implies that the basigin-PfRH5 interaction may be a good blood-stage vaccine target, if antibodies that bind PfRH5 also inhibit invasion. Recently, 2 groups have shown that rabbit polyclonal antibodies against PfRH5 can inhibit invasion by lab-adapted strains of P. falciparum [17] [18] [19] , a first step in evaluating PfRH5 as a vaccine candidate.
In mouse models of malaria, natural infection or vaccination can result in complete protection against challenge [20, 21] . In contrast, human vaccines show only minimal protective efficacy. Preliminary data from the RTS,S vaccine phase 3 trials suggest that the vaccine is approximately 50% effective at preventing a first malaria episode [22] , but other estimates from a more rigorous, intention-to-treat analysis put the figure closer to 34% [23] . These findings are a promising start, but they are far from the ultimate goal of sterile, protective immunity.
Recently, there has been a renewed interest in a blood-stage vaccine for malaria [24, 25] . Because development of allele-specific immunity has been observed with some blood-stage vaccine trials [26, 27] , such a vaccine may need to target multiple antigens [28] . A proper understanding of the impact of antigenic diversity on protective immunity in humans will also be essential.
To study the interaction of PfRH5 with the humoral arm of the human immune system, we have expressed stable, soluble forms of PfRH5 and the homologous portion of PfRH2 (PfRH2D1), in substantial quantities. We have characterized the recombinant proteins biochemically, and we have studied their antigenicity to patient sera from high and low endemicity areas of Senegal. We show that affinity-purified antibodies from endemic sera against these recombinant domains can inhibit erythrocyte invasion in vitro by both laboratoryadapted strains and ex vivo clinical isolates of P. falciparum.
MATERIALS AND METHODS

Expression of Recombinant RH2D1 and RH5 Proteins
Codon-optimized expression constructs were synthesized for PfRH2 (RH2D1) (amino acids 79-473) and PfRH5 (amino acids 96-518) (Geneart, AG); amino acid residue numbering is with respect to the full-length protein, including the native signal peptide. These inserts were cloned into a modified version of the pFastbac1 (Invitrogen) vector containing an insect Kozak sequence, honeybee melittin signal peptide [29] , and a C-terminal Streptag II [30] (Supplementary Figure 1A) . Baculovirus DNA was produced using DH10Bac Escherichia coli, and transfected into Sf9 cells using Cellfectin II (Invitrogen). P2 virus was used to infect Sf9 cells grown in SFM-900 II (Invitrogen); leupeptin, pepstatin, aprotinin, and phenylmethyl sulfonyl fluoride (PMSF) were added 1 day postinfection, and recombinant protein was collected after 3 days. Cells were spun down and the supernatant was concentrated using a Cogent-M tangential flow concentrator (Millipore) fitted with 10 kDa cutoff membrane. The proteins were purified using StrepTactin Sepharose (IBA), and eluted with 2.5 mM desthiobiotin in 10 mM Tris pH8, 500 mM sodium chloride, concentrated, and further purified by size exclusion chromatography on Superdex200 16/60 (GE Life Sciences). The size exclusion column was calibrated (Bio-Rad, catalog No. 151-1901). Purified proteins were concentrated to 10 mg/mL, snap-frozen in liquid nitrogen, and stored at −80°C. The approximate yield after purification was 0.3 mg/L insect media for PfRH2, and 0.15 mg/L for PfRH5. 
Study Sites and Samples
Enzyme-Linked Immunosorbent Assay
Enzyme-linked immunosorbent assay (ELISA) microtiter plates (Immulon 4B) were coated with 30 ng/well of recombinant protein in phosphate-buffered saline (PBS) at 4°C overnight. We chose the coating concentration based on a checkerboard approach to minimize noise due to excess protein coat and/or high levels of secondary antibody. Plates were blocked with 1% nonfat milk in PBST (1× PBS + 0.05% Tween-20) for 1 hour at room temperature and washed 3 times with PBST. Individual plasma samples (Thies n = 100, Velingara n = 108) were added in duplicate at 1:800 dilution and incubated for 2 hours at room temperature. After washing 3 times with PBST, goat antihuman total immunoglobulin G (IgG) horseradish peroxidase-conjugated secondary antibody (Southern Biotech) was added at 1:8000 dilution and incubated at room temperature for 2 hours. Plates were washed 5 times with PBST, developed using Sureblue TMB one-component substrate (KPL) and the reaction stopped with 1N hydrogen chloride. ELISA plates were read at 450 nm. Positive cutoffs for each antigen was determined as an optical density (OD) 3 times the standard deviation of the mean of 72 Boston unexposed sera. For the age-dependent antibody acquisition analysis, samples were stratified by median age of the samples from each endemic site. For the IgG subclass analysis, ELISAs were performed as above with subclass-specific antibodies (Southern Biotech), and positive cutoffs for each subclass were determined as an OD 3 times the standard deviation of the mean of 72 Boston unexposed sera. The denominator to calculate percentage positives of IgG subtypes is less than the total number of samples tested as 3σ cutoff selects for strong responders with high confidence and excludes samples that are weakly positive for multiple IgG subclasses.
Antibody Affinity Purification From Pooled Endemic Sera
We generated affinity-purified antibodies to PfRH5 and PfRH2D1 by separately coupling the recombinant proteins to cyanogen bromide-activated sepharose (Sigma) and running pooled sera from highly endemic Velingara over these affinity columns. After extensive washing, specific antibodies were eluted using 0.1 M glycine pH 2.5 buffer. Elution wells contained 100 µL of 1 M Tris pH8 to minimize the exposure of antibody to low pH. Elution fractions were pooled and concentrated using 100 kDa cutoff Amicon Ultra-15 Centrifugal Filters (Millipore), and buffer exchange was performed with 1× PBS. Antibody stocks were made highly concentrated in 1× PBS and effective stocks were prepared in supplemented Roswell Park Memorial Institute (RPMI) medium.
Antibody Invasion Inhibition Assay
Ring-stage parasites from patient peripheral blood were diluted to 1% parasitemia and treated with neuraminidase, trypsin, and chymotrypsin to prevent reinvasion. These parasitized cells were mixed 50:50 with either untreated (RPMI medium only) acceptor cells or neuraminidase-treated acceptor cells and cultured in a 96-well tissue culture plate at final plating parasitemia of between 0.35% and 0.5% and a final volume of 25 µL. Affinity-purified antibodies against PfRH5 and PfRH2D1 were added at final concentration of 50 µg/mL [31] . Control affinity-purified plasma were the pooled plasma (Vel pool) from which antibodies were purified, the void from the RH5 or RH2 column (RH5 Void, RH2 Void), and pooled plasma from 72 Boston unexposed donors (Bos pool), all added at 50 µg/mL. Samples were plated in duplicate and incubated at 37°C until reinvasion. For the inhibition titration curve, samples were plated in triplicate.
Harvesting of inhibition assays by flow cytometry was performed as previously described [32] . In brief, cultures were pelleted via centrifugation (1200 rpm, 5 minutes) and washed twice in 100 µL 1× PBS + 0.5% bovine serum albumin (BSA). Cells were incubated with 75 µL of 1:1000 SYBR Green I (Molecular Probes) for 20 minutes at 25°C with agitation. Cells were washed twice in 1× PBS + 0.5% BSA and resuspended in 200 µL PBS. Flow cytometry data were collected using a FACSCalibur (Becton Dickinson); 100 000 events were acquired per sample. Initial gating was with unstained, uninfected erythrocytes to account for erythrocyte autofluorescence. Data were analyzed with FlowJo (Tree Star). For ex vivo clinical isolates, the criteria for a successful assay was a parasite multiplication ratio [33] ≥1. We control for growth effects by performing a single cycle experiment. In addition, invasion rates are presented as a ratio to nonimmune (Boston control) sera to remove the known growth enhancement effect of nonspecific antibodies and plasma proteins. Although we cannot fully exclude growth inhibitory effects, they are not likely to be significant, as the fluorescence-activated cell sorting plots do not show an accumulation of schizonts (or earlier stages) in inhibited samples.
RESULTS
Characterization of Recombinant Proteins
By alignment with homologous genes from closely related species and secondary structure prediction, we have defined a candidate domain of PfRH5 and the likely homologous portion of PfRH2 (Figure 1, Supplementary Figure 1B and 1D) . Our domain boundaries are slightly different than those in some prior publications (see Methods) [13, 34, 35] . We generated baculovirus expression vectors for these 2 proteins, using codon optimized sequences, and purified the products (Figure 2A and  2C) . Size exclusion chromatography showed that both products had elution volumes expected for monomers of the corresponding domains ( Figure 2B and 2D ).
Immune Reactivity of Patient Sera
To determine whether these recombinant invasion ligand domains induce a humoral immune response following natural exposure, we analyzed sets of patient sera from low (Thies) and high (Velingara) endemicity areas in Senegal by ELISA. About 15% of the sera from both low and high endemicity areas of Senegal were PfRH2D1 ELISA positive; PfRH5 reactivity was higher in the latter group (7% vs 14%, respectively). For comparison, ELISAs with MSP 1-19, an abundant merozoite surface protein, were 60% positive in the same bank of sera ( Figure 3A) ; this frequency is comparable to that seen in other endemic areas [36, 37] . Glycosylation did not appear to play a significant role in ELISA reactivity to RH5 as glycosylated insect cell-produced RH5 had similar OD values to mammalian cell-produced RH5 (which has all 4 N-linked sites mutated away; Supplementary Figure 2D and 2E); RH2 was not significantly glycosylated (Supplementary Figure 2E) . Stratification of PfRH2D1 and PfRH5 positives by median age demonstrates a statistically significant age-dependent acquisition of antibodies in the high-endemicity area (Velingara) with a Mann-Whitney U equality-of-populations rank test (P = .0075 and P = .0085, respectively; Figure 3C and 3E). Age-dependent acquisition was also significant when ELISA positives were compared by Fisher exact test (P = .041 and P = .008, respectively). These results suggest that repeated exposure ultimately leads to production of antibodies that recognize even the conserved, PfRH2D1 and PfRH5 that are relatively nonimmunogenic compared to MSP-1. Age stratification of PfRH2D1 and PfRH5 positives failed to reach statistical significance in the low-endemicity area (Thies; Figure 3B and 3D). IgG subtype analysis of sera that reacted positively with PfRH5 showed that the antibodies were either IgG1 (69%: 13/ 19) or IgG3 (31%: 6/19); for PfRH2D1, the results were similareither IgG1 (50%: 11/22) or IgG3 (45%: 10/22), with only 1 sample IgG2 (Figure 4 ).
Inhibition Assays
Because we could detect a significant humoral immune response from human sera, we next tested whether the antibodies generated by natural infection were inhibitory. Specific antibodies were enriched by affinity purification from Senegalese plasma 25-and 625-fold for PfRH5 and PfRH2, respectively. The PfRH2 affinity-purified antibodies were also enriched in anti-PfRH5 activity (Supplementary Figure 2A) . We determined that the enrichment was probably due to cross-reactivity between RH2 and RH5 and not to reactivity with the Streptag II affinity tag. We tested RH2-and RH5-affinity purified antibodies from a single plasma sample on ELISA plates coated either with StreptagII-RH5 or with CD4-RH5 [16] and found that the RH2 and RH5 signals were independent of both tags (Supplementary Figure 2B) . We also showed that our affinity purification did not co-purify antibodies to other abundant merozoite antigens by performing an ELISA to MSP 1-19 on the affinity-purified anti-RH2 and anti-RH5 antibodies (Supplementary Figure 2D ). The affinity-purified RH5 antibodies gave 1.3 ELISA OD units/µg protein, whereas the Velingara pool had 0.02 ELISA OD units/µg protein. Individually, positive samples ranged from 0.15 to 0.35 ELISA OD units/µg protein. We performed invasion-inhibition assays with sialic acid-dependent (3D7) and -independent (T994) lab strains of P. falciparum [38] in the presence of affinity-purified antibodies. Both PfRH5-and PfRH2D1-affinity purified antibodies inhibited invasion of these laboratory strains ( Figure 5 ). The Inhibitory Concentration of 50% (IC 50 ) is approximately 120 µg/mL for anti-RH2, and 110 µg/mL for anti-RH5. The reproducibility of these assays is ±5%, so we would note that the inhibition becomes statistically significant at the starred level in Figure 5 (50 µg/mL). Figure 5 . Antibody invasion inhibition of laboratory-adapted Plasmodium falciparum using affinity-purified antibodies. A, Inhibition by affinity-purified antibodies against PfRH2D1 of red blood cell invasion by P. falciparum lab lines, as a ratio to invasion in the presence of unexposed control plasma ("Boston"). B, Inhibition by affinity-purified antibodies against PfRH5 of red blood cell invasion by P. falciparum lab lines, as a ratio to invasion in the presence of unexposed control Boston plasma. *Indicates 50 µg/mL antibody concentration used in experiments with clinical isolates.
To see if the inhibitory capacity of affinity-purified antibodies was maintained against genetically diverse clinical isolates, we performed ex vivo invasion inhibition assays on clinical isolates of P. falciparum (n = 23) from Thies, Senegal (Figure 6 ), at an antibody concentration of 50 µg/mL. Because of limitations in the amount of affinity-purified antibody, we chose to test many clinical isolates at this single concentration rather than testing fewer isolates at a range of higher concentrations, at which we expect that the inhibitory effects would have been more pronounced as observed for the laboratory strains ( Figure 5 ). We saw a statistically significant inhibition of invasion for α-PfRH2D1 antibodies relative to the void or the pool (P = .0075, P = .0449, mean inhibition = 22.3%; Wilcoxon matched-pairs test; Figure 6A ), which was also observed when acceptor cells were treated with neuraminidase to remove the contribution of sialic acid-dependent invasion pathways (P = .0011, P = .0980, mean inhibition = 22.8%; Figure 6B ). α-PfRH5 antibodies showed a similar ability to inhibit invasion (P = .0229, P = .0738, mean inhibition 20.4%; Figure 6C ), which persisted when neuraminidase-treated acceptor cells were used (P = .0008, P = .0007, mean inhibition = 17.7%; Figure 6D ). When invasion inhibition by α-PfRH2D1 and α-PfRH5 antibodies was compared for RPMI-and neuraminidase-treated cells, the difference was not statistically significant, implying that the inhibition observed is not enhanced when sialic acid is limited.
DISCUSSION
Our recombinant PfRH5 and PfRH2D1 proteins are wellcharacterized, soluble, monomeric species. The stability of our expressed protein, and its activity in binding inhibitory antibodies from endemic sera, gives us confidence in the domain assignment. Although there are descriptions in the literature for the production of PfRH5 by refolding in E. coli [11, 13], or as a fusion to the CD4 tag in a mammalian expression system [16] , there are no previous reports of expression and characterization of well-behaved, soluble protein that bears only a small affinity tag.
We showed that PfRH5 and PfRH2D1 elicit humoral responses in endemic sera. Although not directly comparable to other studies, it is interesting to note that the PfRH2D1 that we produced is ELISA positive in a significantly lower percentage of endemic sera [35] . There are several possible explanations for the difference. The assay conditions are not strictly comparable, as the prior work [35] has used a significantly higher concentration of protein for coating the ELISA plates (1-2 µg/mL compared to 300ng/mL in our studies). Moreover, our recombinant protein has been produced in a eukaryotic system, whereas prior studies have used E. coli-produced protein with small differences in domain boundaries. Disulfide-rich domains are often misfolded when overexpressed in E. coli, resulting in presentation of epitopes that may not be relevant in vivo. Finally, there may be differences in the invasion pathway used by the parasite in the 2 geographic areas, Papua New Guinea vs Senegal. In particular, Papua New Guinea parasites may present higher levels of the RH2 and RH5 invasion ligands, giving greater exposure to the humoral immune system and resulting in higher titers of antibody to these proteins. Another group has also shown modest levels of α-RH5 antibodies in sera from a small cohort of Kenyan children tested against mammalian cell-expressed RH5, but lack of statistical treatment makes it impossible to draw further conclusions [17] .
The ELISA experiments show that the humoral response to PfRH2D1 is the same in high-and low-endemicity areas whereas the response to PfRH5 is not. One possible implication is that there is a selection of antibodies with strong binding to PfRH5; these antibodies would then develop upon repeated exposure to the antigen. Recently adapted clinical isolates suggest that there are very few coding polymorphisms in RH5 [19] , and repeated exposure is therefore possible. Further studies will be required to test this hypothesis.
Affinity-purified antibodies against PfRH2D1 and PfRH5 from endemic sera inhibit invasion by both clinical and laboratory isolates of P. falciparum. The equivalent level of inhibition in 3D7 and T994 at higher concentrations of antibody suggest cross-reactivity of the affinity-purified antibodies, as T994 has been previously shown not to express significant levels of PfRH2a or PfRH2b. Our ELISA data indeed indicate that RH2D1 affinity-purified antibodies are enriched in PfRH5 reactivity (Supplementary Figure 2A) . This cross-reactivity is not surprising, as we selected the RH2 domain for its strong similarity (31%) and likely homology to RH5. In addition, Western blots on supernatants from T994 show that there is a low level of RH2a and RH2b expression in this strain (Supplementary Figure 2C) . We cannot exclude the possibility that this low level of expression is essential for invasion and that this residual expression is what the affinity-purified antibodies are targeting.
The lack of inhibition in some of the clinical isolates may be due to the effects of the limited polymorphisms in RH5 (Supplementary Figure 3A) . It is interesting to note that one prevalent polymorphism C203Y results in an unpaired cysteine; as previously noted [13] , this may have implications on the structure. Additionally, these parasites may be using alternative invasion pathways, relying less on RH5 and the sialic acidindependent pathway. One other possibility is that glycosylation may play a role in the humoral response. It has recently been appreciated that Plasmodium species may perform a rudimentary form of N-linked glycosylation [39] . Because insect cell produced protein has more complex N-linked glycosylation, it may not present the relevant sugar epitopes of native Plasmodium glycosylation, and thus we would not have enriched for such antibodies in our affinity purification.
Beyond the experimental possibilities above for low levels of neutralizing antibodies, there are also several interesting structural and immunological explanations. One possibility is PfRH5 is not very accessible to the immune system during the process of invasion. Another is that RH5 is accessible, but neutralizing epitopes are not, or nonneutralizing epitopes are dominant, with neutralizing ones subdominant. A final consideration is that the PfRH5 interacting protein (PfRIPR) [40] may play a role in the modulating the humoral response to PfRH5. Identification and characterization of human monoclonal antibodies against RH5 should help distinguish among these alternative hypotheses.
Our demonstration of the presence of inhibitory antibodies to PfRH5 in vivo has important implications for the use of this protein in a multiple-antigen vaccine strategy. A soluble domain of the PfRH5 receptor, basigin, can inhibit invasion in vitro of all clinical and lab strains of P. falciparum tested [16] , and rabbit polyclonal antibodies to RH5 can also inhibit invasion [17] [18] [19] . Our data are the next step in the evaluation of PfRH5 as a vaccine candidate: they demonstrate that natural infection in humans elicits invasion-inhibiting antibodies. Future experiments should investigate age-dependent acquisition of protective antibodies, the role of RH5 polymorphism on invasion, and potential synergy between RH family and EBA family human invasion inhibitory antibodies as it relates to invasion pathway. For rational design of a malaria vaccine, we will need to understand the host-pathogen interactions that contribute to infection, the parasite proteins and polymorphisms under immune selection, and the mechanisms that govern productive immune effector functions in humans.
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